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HIGHLIGHTS 


•  Mn-doped  LVP  composites  (LVMP)  synthesized  using  various  manganese  sources. 

•  Manganese  with  valences  +3  and  +4  successfully  inserted  Li3V2(P04)3  without  impurity. 

•  LVMP  doped  by  MnOOH  delivers  137  mAh  g  1  near  theoretical  capacity  and  remains  98%  after  50  cycles. 

•  MnOOH  is  a  prefer  dopant  to  improve  the  electrochemical  properties  of  LVP. 
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This  work  attempts  to  substitute  V  of  Li3V2(P04)3  (LVP)  by  the  doped  ion  of  manganese  with  the  valence 
of  +2,  +3  and  +4  and  various  ionic  radiuses.  A  series  of  Mn-doped  LVP  composites  (LVMP)  by  different 
manganese  sources  are  synthesized  by  sol— gel  and  heat-treatment.  Manganese  ion  with  the  valences 
of  +3  and  +4  have  been  successfully  inserted  into  the  lattice  of  Li3V2(P04)3  to  form  a  stable  solid-solution 
even  the  substitution  mole  ratio  reaches  to  0.2,  except  the  impurity  phase  of  LiMnP04  in  LVMP  when 
manganese  ions  with  the  valence  of  +2  involve  in  the  substitution.  Mn2+  exists  in  all  three  samples  as 
expected,  but  the  main  valence  state  of  Mn  ions  in  LVMP-A,  LVMP-B  and  LVMP-C  are  Mn4+,  Mn3+  and 
Mn2+,  respectively.  LVMP-B  (MnOOH  as  dopant)  delivers  the  highest  capacity  of  137  mAh  g-1,  than 
LVMP-A  (Mn02  as  dopant)  125  mAh  g-1  and  LVMP-C  (Mn304  as  dopant)  123  mAh  g-1.  LVMP-B  shows  the 
best  cycle  performance,  remaining  98%  of  the  initial  capacity  after  50  cycles  in  range  3.0— 4.3  V.  Mn 
source  of  MnOOH  properly  substituted  the  structure  of  LVP  enhances  the  lithium  diffusion  ability  and 
stability  of  LVP  during  charge/discharge. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Numerous  efforts  have  been  made  on  the  development  of 
framework  materials  based  on  the  phosphate  polyanion.  Mono¬ 
clinic  Li3V2(P04)3  (LVP)  with  both  mobile  Li+  cations  and  redox- 
active  metal  sites  located  within  a  rigid  phosphate  framework, 
become  attractive  candidates  owning  to  its  high  theoretical 
discharge  capacity  of  197  mAh  g-1  (3.0-4.8  V)  and  characteristics 
three-dimensional  pathways  for  Li+  extraction  and  re-insertion 
[1,2].  The  strong  P-0  bonds  and  three-dimensional  (3D)  solid 
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framework  in  (PO4)3-  anions  can  guarantee  both  the  dynamic  and 
thermal  stability  required  to  fulfill  the  safety  features  in  high  power 
applications,  such  as  electric  vehicles  (EVs)  and  hybrid  electric 
vehicles  (HEVs)  [3]. 

However,  the  critical  disadvantage  of  poor  electronic  and  ionic 
conductivities  limit  the  application  fields  of  Li3V2(P04)3  [4-6]. 
Improvements  of  poor  conductivity  have  been  achieved,  such  as 
synthesizing  nanoparticles,  forming  electrically  conductive  coating 
on  materials,  and  doping  cations  in  the  Li  or  V  site  to  improve 
electrochemical  properties.  Metal  ion  doping  is  a  convenient  way  to 
improve  the  electrochemical  performance  of  Li3V2(P04)3.  A  lot  of 
cations  have  been  employed  to  dope  Li3V2(P04)3,  and  some  positive 
impacts  are  reported  on  its  electrochemical  performance.  V3+  has 
been  partially  substituted  with  isovalent  or  aliovalent  metal  ions, 
such  as  Nb5+  [7],  Ti4+  [8],  Zr4+  [9],  Fe3+  [10],  Al3+  [11,12],  Ce3+  [13], 
Cr3+  14],  Sc3+  [15],  Y3+  [16],  Mg2+  [17,18],  Mn2+  [19,20],  Co2+  [21] 
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and  Na+  [3].  The  modified  NASICON  structure  and  the  electro 
chemical  performance  of  LVP  are  quite  dependent  on  the  doping 
elemental  structure  besides  doping  content. 

Manganese  is  an  interesting  substitute  in  NASICON  structure  of 
LVP,  because  Mn-based  materials,  such  as  LiMn02,  Li2Mn03,  LiNii/ 
3Coi/3Mni/302,  have  been  widely  studied  as  cathode  materials  for 
lithium  batteries  [22-26].  M.  Bini  et  al.  [20]  reported  that  a  sol¬ 
ubility  limit  (x  =  0.124)  was  determined  for  Mn(II)  doped  LVP  via 
sol-gel  route,  generating  the  smaller  irreversible  capacity  for  LVP. 
In  the  previous  work,  the  ionic  radius  of  various  doping  elements 
is  an  important  factor  to  the  crystal  structure  and  electrochemical 
properties  [15,27,28].  But  the  doping  structure  and  electro¬ 
chemical  properties  of  LVP  are  unknown  after  the  precursor  of  the 
doped  ion  manganese  with  valence  of  +2,  +3,  and  +4, 
respectively. 

In  this  work,  we  attempt  to  substitute  V  by  the  doped  ion  of 
manganese  with  the  valence  of  +2,  +3  and  +4  and  various  ionic 
radiuses.  (CH3C00)2Mn-4H20  and  Mn02  as  +2  and  +4  manganese 
sources  are  commercial,  and  MnOOH  and  Mn304  as  +3  and  +2/+3 
manganese  source  are  synthesized  before  as  doping  precursors.  A 
series  of  Mn-doped  Li3V2(P04)3  composites  by  different  manganese 
sources  are  synthesized  and  their  electrochemical  properties  are 
discussed  in  detail. 

2.  Experiment 

2.1.  Synthesis  of  MnOOH  nanorods 

MnOOH  was  prepared  via  a  facile  hydrothermal  treatment  as 
the  previous  work.  KMn04  was  first  fully  dissolved  in  deionized 
water  under  room  temperature,  and  then  ethanol  added.  After 
vigorous  stirring  for  30  min,  the  suspension  was  transferred  into 
Teflon-lined  stainless  steel  autoclave.  The  sealed  autoclave  was 
heated  in  an  oven  at  140  °C  for  24  h.  The  product  was  centrifuged, 
washed  with  deionized  water  and  absolute  alcohol.  MnOOH  was 
obtained  after  drying  at  80  °C  in  vacuum. 

2.2.  Synthesis  o/Mn304  nanoparticles 

6  mmol  MnCl2-4H20  (1.2  g)  added  into  60  mL  ethanol  amine 
(ETA),  the  mixture  was  operated  in  a  600  W  ultrasonic  reactor  for 

4  h  [29].  Then  100  mL  distilled  water  was  added  into  the  resulting 
colloid  solution.  After  constantly  stirred  at  room  temperature  for 

5  h,  the  clear  brown  mixture  turned  to  a  dark  brown  suspension. 
The  suspension  was  centrifuged  at  8000  rpm  for  5  min  and  washed 
repeatedly  with  H2O  to  remove  the  residual  ETA  until  the  pH  of  the 
filtrate  was  neutral.  The  Mn304  nanoparticles  were  dried  at  80  °C  in 
vacuum,  and  collected  as  a  dark  brown  powder. 

2.3.  Synthesis  of  Li3V  18^02(^4)3 

The  Li3Vi.8Mn0.2(PO4)3  composites  (LVMP)  were  prepared  by  a 
sol-gel  method  [1].  All  chemicals  used  in  this  work  were  of 
analytical  grade.  V2O5,  NH4H2P04,  Li2C03,  Mn02, 

(CH3C00)2Mn-4H20  and  oxalic  acid  were  used  as  raw  materials. 
First,  V2O5  and  oxalic  acid  in  a  stoichiometric  ratio  of  1:3  were 
dissolved  in  deionized  water  under  magnetic  stirring  at  80  °C  until 
a  clear  blue  solution  was  formed.  Oxalic  acid  was  used  both  as  a 
chelating  agent  and  reducing  agent.  Then  a  mixture  of  stoichio¬ 
metric  NH4H2P04,  Mn02  (or  MnOOH,  Mn304,  (CH3C00)2Mn-4H20) 
and  Li2C03  was  added  to  the  solution,  and  this  batch  was  vigorously 
stirred  for  10  min  at  80  °C.  Citric  acid  was  then  added  to  the  mixed 
solution.  The  mixture  was  stirred  to  evaporate  the  water  for  several 
hours  until  homogenous  gel  was  formed.  The  gel  was  dried  at 
100  °C  after  it  was  aged  overnight.  The  dried  precursor  was 


decomposed  at  350  °C  under  nitrogen  atmosphere  for  4  h.  The  pre¬ 
heated  precursor  was  grounded  and  reacted  at  800  °C  for  8  h  under 
nitrogen  atmosphere.  The  samples  produced  are  simply  named  as 
LVMP-A,  LVMP-B,  LVMP-C  and  LVMP-D  according  to  the  doping 
reagents  of  Mn02,  MnOOH,  Mn304  and  (CH3C00)2Mn-4H20, 
respectively. 

2.4.  Characterization 

All  X-ray  studies  are  done  on  a  done  on  a  Rigaku  diffractometer 
(Dmax-2200)  with  Cu  Ka  radiation  at  30  kV  and  30  mA.  The 
diffraction  data  are  collected  for  4  s  at  each  0.02°  step  from  10  to 
80°.  The  morphology  is  investigated  by  field  emission  scanning 
electron  microscope  (FE-SEM,  SIGMA,  ZEISS). 

2.5.  Electrochemical  measurement 

The  electrochemical  characterizations  were  carried  out  using 
coin  cell  (CR2016).  The  composite  cathode  was  formulated  with 
active  materials  (80  wt%),  Super  P  (10  wt%)  and  poly  (vinylidene 
fluoride)  (10  wt%)  mixed  in  N-methyl-2-pyrrolidone.  After  stirred 
overnight,  the  slurry  was  cast  onto  Al  foil  by  using  a  doctor  blade, 
and  dried  at  120  °C  for  12  h  under  vacuum.  The  weight  loading  of 
the  cathode  electrode  is  about  4  mg  cnrT2.  The  coin  cells  were 
assembled  in  an  argon-filled  glove  box  using  lithium  metal  as  the 
negative  electrode,  Celgard  2500  as  the  separator,  and  1  M  LiPF6 
(dissolved  in  ethylene  carbonate,  dimethyl  carbonate  and  ethyl- 
methyl  carbonate  with  a  1:1:1  volume  ratio)  as  the  electrolyte. 
The  galvanostatic  charge  and  discharge  experiments  were  made  at 
room  temperature  (25  °C)  by  using  LAND  CT2001 A  (Wuhan,  China) 
within  the  voltage  range  3. 0-4.3  V  (1  C  =  133  mAh  g_1  vs.  Li+/Li), 
and  3.0— 4.8  V  (1  C  =  197  mAh  g-1  vs.  Li+/Li),  respectively.  Cyclic 
voltammetry  (CV)  was  conducted  on  PARSTAT2273  electrochemical 
workstation  at  the  scanning  rate  of  0.1  mV  s_1  in  the  potential 
ranges  of  3. 0-4.5  V  and  3. 0-4.8  V  (vs.  Li+/Li),  respectively.  A 
lithium  foil  acted  as  both  the  counter  electrode  and  reference 
electrode.  Electrochemical  impedance  spectroscopy  (EIS)  measures 
were  carried  out  at  the  fresh  state  on  PARSTAT2273  electrochemical 
workstation  with  sinusoidal  signal  of  5  mV  over  a  frequency  range 
from  100  kHz  to  10  mHz. 

3.  Results  and  discussion 

3.1.  Structure  and  morphology  characterization 

In  this  work,  Mn02,  MnOOH,  Mn304  and  (CH3C00)2Mn-4H20 
are  selected  to  be  the  manganese  ion  donor.  The  SEM  images  of 
Mn02,  MnOOH  and  Mn304  are  shown  in  Fig.  1.  As  presented  in 
Fig.  1A— C,  the  as-prepared  MnOOH  (Fig.  IB)  mainly  exist  in  the 
form  of  thin  rod  compared  with  the  regular  spheres  of  Mn02 
(Fig.  1A)  and  Mn304  nanoparticles  (Fig.  1C).  The  XRD  pattern  of  as- 
prepared  MnOOH  (shown  in  Fig.  ID)  can  be  readily  indexed  to  a 
monoclinic  phase  (space  group:  P2i/c)  with  lattice  constants 
a  =  0.530  nm,  b  =  0.527  nm,  c  =  0.530  nm,  compatible  with  liter¬ 
ature  values  (PDF  41-1379).  The  characteristic  peaks  of  Mn304,  as 
labeled  in  Fig.  ID,  are  in  good  agreement  with  space  group  lA\\amd 
(JCPDS  no.  80-0382),  and  no  other  impure  crystalline  phases  is 
observed. 

Fig.  2  shows  the  XRD  patterns  of  manganese-doped  LVP  by 
different  manganese  sources.  The  XRD  patterns  of  LVMP-A  and 
LVMP-B  are  well  indexed  with  the  monoclinic  Li3V2(P04)3  (JCPDS 
PDF  no.  80-1517,  the  space  group  of  P2i/n).  There  are  no  impurity 
peaks  corresponding  to  the  characteristic  Mn-contained  phase. 
Manganese  ion  with  the  valences  of  +3  and  +4  have  been  suc¬ 
cessfully  inserted  into  the  lattice  of  Li3V2(P04)3  to  form  a  stable 
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Fig.  1.  SEM  pictures  of  (A)  commercial  Mn02l  (B)  as-prepared  MnOOH  and  (C)  as-prepared  Mn304;  (D)  the  XRD  profiles  of  a)  MnOOH  and  b)  Mn304  and  standard  data  from  JCPDS 
no.  41-1379  and  JCPDS  no.  80-0382. 


solid-solution  even  the  substitution  mole  ratio  reaches  to  0.2. 
But  the  XRD  patterns  of  LVMP-C  and  LVMP-D  present  the  im¬ 
purity  phase  of  LiMnP04  when  manganese  ions  with  the  valence 
of  +2  involve  in  the  substitution.  The  peaks  noted  in  asterisk  in 
LVMP-D  show  higher  content  of  impurity  LiMnP04  than  those  in 
LVMP-C. 

Based  on  the  XRD  results  and  the  crystal  structure  of  monoclinic 
Li3V2(P04)3,  it  is  proper  for  Mn4+  provided  by  Mn02  and  Mn3+ 


Li3V2(P04)3  PDF#80-1517 

_ •, i  ,nf in , i _ ,  r . , i _ T _ T _ 

10  20  30  40  50  60  70 

2  Theta  (degree) 

Fig.  2.  XRD  patterns  of  Li3Vi.8Mn0.2(PO4)3/C  nanocomposites  with  different  Mn-doping 
sources  and  the  standard  data  of  Li3V2(P04)3  from  JCPDS  no.  80-1517,  The  peaks  noted 
in  asterisk  show  the  phase  of  LiMnP04. 


provided  by  MnOOH  to  insert  into  the  lattice  of  Li3V2(P04)3  than 
Mn2+/Mn3+  provided  by  Mn304.  The  monoclinic  Li3V2(P04)3  with 
P04  tetrahedral  and  V06  octahedral  in  NASICON  structure,  provides 
efficient  three-dimensional  pathways  for  Li+  extraction  and  re¬ 
insertion  [5,30].  When  doped  with  Mn  ion,  the  V06  octahedral 
are  partly  replaced  by  Mn06  octahedral.  Since  the  ionic  radiuses  of 
Mn4+,  Mn3+  and  Mn2+  are  0.54,  0.62  and  0.76  A,  the  Ar 
(|r(Mnn+)  -  r(V3+)|)  are  0.1, 0.02  and  0.12  A,  respectively,  compared 
with  V3+  (0.64  A)  in  LVP.  The  small  value  of  Ar  is  conducive  to  the 
Mn  ion  insert  into  the  lattice  of  Li3V2(P04)3  which  occupies  the  V 
position  to  form  a  stable  solid-solution,  avoiding  a  large  volume 
change  of  lattice.  The  refined  unit  cell  lattice  parameters  for  LVMP- 
A,  LVMP-B,  LVMP-C  and  LVMP-D  are  listed  in  Table  1.  The  lattice 
parameters  vary  dependently  on  the  manganese  sources,  for 
example,  the  lattice  parameter  a  is  8.5648,  8.6201,  8.6157  and 
8.6147  A  of  LVMP-A,  LVMP-B,  LVMP-C  and  LVMP-D,  compared  with 
8.5539  A  of  pure  LVP.  The  biggest  Ar  causing  the  largest  volume 
change  of  LVMP  cells,  for  example,  the  volumes  are  877.46,  880.12, 
889.00  and  890.15  A3  of  LVMP-A.  LVMP-B.  LVMP-C  and  LVMP-D. 
compared  with  882.48  A3  of  pure  LVP,  the  AV  (|V  (LVP)  -  V 
(LVMP)|)  is  5.02,  2.36,  6.52  and  7.67  A3,  respectively.  Because  too 


Table  1 

Refined  unit  cell  lattice  parameters  for  LVMP  samples. 


Samples 

a  (A) 

b  (A) 

c(  A) 

P  (deg) 

v(A3) 

|AV|  (A3) 

LVPa 

8.5539 

8.6099 

11.9825 

90.002 

882.48 

- 

LVMP-A 

8.5648 

8.5643 

11.9661 

91.455 

877.46 

5.02 

LVMP-B 

8.6201 

8.5938 

11.8834 

91.205 

880.12 

2.36 

LVMP-C 

8.6157 

8.5905 

12.0120 

90.615 

889.00 

6.52 

LVMP-D 

8.6147 

8.5945 

12.0232 

90.578 

890.15 

7.67 

a  Data  came  from  Ref.  [31]. 
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much  impurity  phase,  the  studies  of  LVMP-D  doped  by  Mn2+  are 
not  shown  in  the  following. 

The  XPS  test  conducts  to  analyze  the  valences  of  Mn  ions  in  the 
structure  of  lithium  vanadium  phosphate.  The  XPS  spectra  of  Mn  2p 
in  LVMPs  and  the  fitted  data  are  illustrated  in  Fig.  3.  The  Mn  2p  XPS 
spectrum  of  LVMPs  exhibit  two  peaks  at  ~  653  and  ~  641  eV,  cor¬ 
responding  to  Mn  2pi/2  and  Mn  2p3/2  spin-orbit  states  of  Mn, 
respectively  (LVMP-C  as  example  is  shown  in  Fig.  3a).  The  fitted 
curves  of  Mn  2p3/2  of  LVMP-A,  LVMP-B  and  LVMP-C  are  plotted  in 
Fig.  3b-d.  It  inevitably  leads  to  the  existence  of  minor  Mn2+  since 
the  reduction  of  carbon.  The  contents  of  Mn  ions  in  different  va¬ 
lences  are  calculated  according  to  the  area  of  the  fitted  peaks  and 
the  results  are  listed  in  the  inset  in  Fig.  3,  for  example,  the  contents 
of  Mn2+  and  Mn4+  in  LVMP-A  are  18.13  and  81.87%.  Mn2+  exists  in 
all  three  samples  as  expected,  but  the  main  valence  state  of  Mn  ions 
in  LVMP-A,  LVMP-B  and  LVMP-C  are  Mn4+,  Mn3+  and  Mn2+, 
respectively. 

Fig.  4  shows  SEM  images  and  elemental  distribution  map¬ 
pings  for  the  elements  and  the  energy  dispersive  X-ray  (EDX) 
spectrum  of  LVMP.  The  EDX  of  LVMP-A  is  shown  in  Fig.  4d, 
because  others  present  the  same  results  and  don’t  show  here. 
Fig.  4a— c  shows  the  morphology  of  manganese-doped  LVP  with 
different  Mn-sources.  LVMP-A  shows  irregular  particles  with 
fluffy  structure  and  large  distribution  of  particles  size,  LVMP-B 
shows  the  homogenous  nanoparticles,  and  blocky-shaped  parti¬ 
cles  with  large  size  presented  in  LVMP-C.  The  results  of  EDX 
measurement  reveal  that  LVMP-A,  LVMP-B  and  LVMP-C  have  the 
ratio  of  V/Mn  is  13.8:1, 13.8:1  and  12:1  respectively,  and  those  in 
precursor  is  9:1.  The  deviation  might  be  come  from  the  different 
ratio  of  V/Mn  on  the  inside  and  the  outside  of  particles.  Scanning 
SEM-EDX  was  utilized  to  verify  the  elemental  composition  of 
LVMP-A,  LVMP-B  and  LVMP-C,  as  well  as  the  nanoscale  spatial 
uniformity  of  element  distribution.  All  the  elements  (only  Mn  is 
shown  in  Fig.  4a’— c’)  are  homogeneously  distributed  on 
manganese-doping  LVP. 


3.2.  Electrochemical  properties  of  LVMP  in  the  voltage  range  3.0— 
4.3  V 

Cyclic  voltammetry  profiles  (CVs)  of  Mn-doped  LVP  with 
different  Mn  sources  are  performed  and  plotted  in  Fig.  5.  The  three 
couples  of  redox  peaks  at  about  4.15/3.96, 3.72/3.60  and  3.63/3.50  V 
are  corresponding  to  three  compositional  regions  of  Li3_xV2(P04)3 
(x  =  0-0.5,  x  =  0.5— 1.0  and  x  =  1.0-2.0),  respectively  [30,31  ].  In  the 
anodic  process,  the  anodic  peaks  of  LVMP-A  and  LVMP-C  shift  lower 
voltage  compared  with  those  of  LVMP-B.  The  main  difference  of  CVs 
among  the  three  Mn-doped  LVP  samples  is  the  potential  interval 
(AE)  between  anodic  and  cathodic  peaks.  In  general,  the  well- 
defined  peaks  and  smaller  value  of  A E  always  show  the  good  re¬ 
action  reversibility  and  lower  ohmic  resistance  in  the  electrode 
reaction.  As  shown  in  Fig.  5,  LVMP-B  shows  the  lowest  value  of  AF 
than  the  values  in  LVMP-A  and  LVMP-C.  For  example,  AF  of  the 
couple  near  4.15/3.96  V,  corresponding  to  the  second  Li  extraction/ 
reinsertion,  is  0.4  V  in  LVMP-A,  0.2  V  in  LVMP-B  and  0.34  V  in  LVMP- 
C,  respectively.  LVMP-B  by  MnOOFI  as  doping  source  exerts  a  more 
symmetrical  and  sharp  shape  of  the  anodic/cathodic  peaks  than  the 
other  two  samples  under  the  same  synthetic  conditions  and  doping 
ratio. 

To  find  the  effect  of  manganese  sources  in  the  electrochemical 
properties  of  Mn-doped  LVP,  the  diffusion  coefficients  of  Li+  of 
LVMP  are  calculated  based  on  electrochemical  impedance  spec¬ 
troscopy  (EIS).  EIS  has  been  widely  used  to  identify  the  charge 
transfer  resistance  [32,33].  In  this  work,  the  batteries  have  been 
galvanostatically  cycled  for  2  cycles  in  the  range  of  3. 0-4.3  V  to 
ensure  the  percolation  of  the  electrolyte  through  electrode  parti¬ 
cles.  As  shown  in  Fig.  6a-c,  the  impedance  spectra  obtained  at 
different  state  of  charge  (SOC)  3.64,  3.85,  4.30,  and  3.0  V  are  cor¬ 
responding  to  the  lithium  extraction  of  x  =  0.5,  x  =  1.0  and  x  =  2.0  in 
Li3-*V2(P04)3,  respectively.  The  Nyquist  plots  of  the  three  samples 
exhibit  a  semicircle  in  the  high  frequency  with  a  slope  line  in  the 
low  frequency  region.  The  semicircle  can  be  attributed  to  the 


Binding  Energy  (eV)  Binding  Energy  (eV) 


Binding  Energy  (eV)  Binding  Energy  (eV) 


Fig.  3.  XPS  spectra  of  Mn  2p  of  LVMP-C  (a),  and  the  fitted  XPS  Mn  2p3/2  spectrum  of  LVMP-A  (b),  LVMP-B  (c)  and  LVMP-C  (d). 
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Electro  Binding  Energy  (keV) 

Fig.  4.  SEM  and  scanning  SEM  elemental  distribution  mapping  for  Mn  of  (a),  (a’)  LVMP-A;  (b),  (b’)  LVMP-B;  and  (c),  (c’)  LVMP-C;  (d)  Energy  dispersive  X-ray  spectrum  of  LVMP-A. 


charge  transfer  reaction  that  represents  the  resistance  of  the 
lithium  ion  migration  through  the  interface  between  the  surface 
layer  of  the  particles  and  the  electrolyte.  The  low-frequency  tail  is 
attributed  to  the  lithium  diffusion  in  the  solid  phase  and  the 
Warburg  resistance.  The  EIS  of  LVMP-A,  LVMP-B  and  LVMP-C  are 
dependent  on  the  SOC  of  electrode  as  shown  in  Fig.  6a— c.  LVMP-B 
presented  the  lowest  high-frequency  resistance  at  various  SOC  than 


3.0  3.2  3.4  3.6  3.8  4.0  4.2  4.4  4.6 

Potential(V)  vs.  Li/Li+ 

Fig.  5.  Cyclic  voltammetry  profiles  of  LVMP  electrodes  at  a  scanning  rate  of  0.1  mV  s-1 
between  3.0  and  4.5  V. 


LVMP-A  and  LVMP-C,  for  example,  85,  72  and  198  Q  in  LVMP-A, 
LVMP-B  and  LVMP-C  after  the  first  0.5Li  extraction,  285,  151  and 
600  Q  in  LVMP-A,  LVMP-B  and  LVMP-C  after  full  discharge. 

Based  on  the  Nyquist  plots,  the  Li+  diffusion  coefficients  at 
different  SOC  are  calculated  according  to  the  following  equation 
[34,35] 

Du  =  R2T2 /2A2F2n4  C2  a2  (1) 

where  Du  is  the  diffusion  coefficient  of  lithium  ion,  R  is  the  gas 
constant,  T  is  the  absolute  temperature,  A  is  the  surface  area  of  the 
positive  electrode,  n  is  the  number  of  transferred  electrons )  per 
molecule  during  oxidization,  F  is  the  Faraday’s  constant,  C  is  the 
lithium  concentration  in  cathode  material,  and  cr  is  the  Warburg 
factor  which  is  obtained  from  the  slop  of  Zre  vs.  reciprocal  square 
root  of  frequency  in  the  low  frequency  region  (w-1/2).  Manganese 
sources  as  dopants  play  the  important  role  in  Du+  of  LVP.  It  could  be 
found  that  the  DLi+  of  LVMP-B  are  much  bigger  than  the  values  of 
LVMP-A  and  LVMP-C  (as  listed  in  Table  2).  For  example,  at  the  SOC 
of  3.64  V  the  DLi+  of  LVMP-A,  LVMP-B  and  LVMP-C  are  7.8  x  lCT1', 
20.1  x  10-11  and  2.6  x  10  11  cm2  s-1,  respectively.  LVP  doped  by 
proper  Mn  source  presents  improved  lithium  diffusion  ability. 

The  electrochemical  performance  of  LVMP  is  evaluated  in  half¬ 
cell  at  3.0— 4.3  V  (vs.  Li/Li+),  and  Fig.  7a  shows  the  initial  charge/ 
discharge  profiles  of  LVMP-A,  LVMP-B  and  LVMP-C  at  0.1  C 
(1  C  =  133  mAh  g-1).  All  the  samples  synthesized  using  the 
different  manganese  sources  present  three  couples  of  voltage  pla¬ 
teaus  at  ~3.60,  ~3.68  and  ~4.06  V,  corresponding  to  extraction/ 
reinsertion  of  0.5Li,  0.5Li  and  the  second  Li  of  LVP.  As  shown  in 
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Fig.  6.  Nyquist  plots  at  different  SOC  and  the  plots  of  the  real  resistance  as  a  function  of  the  inverse  square  root  of  angular  frequency:  (a)  LVMP-A,  (b)  LVMP-B  and  (c)  LVMP-C  in  the 
range  of  3.0-4.3  V. 


Fig.  7a,  LVMP-B  delivered  the  highest  capacity  of  137  mAh  g  \  than 
LVMP-A  125  mAh  g_1  of  and  LVMP-C  123  mAh  g"1.  LVMP-B  shows 
the  best  cycle  performance,  remaining  98%  of  the  initial  capacity 
after  50  cycles  (as  shown  in  Fig.  7b).  MnOOFI  as  doping  reagent  is 
much  better  than  Mn02  and  Mn304.  Mn  source  of  MnOOFI  properly 
substituted  the  structure  of  LVP  enhances  the  lithium  diffusion 
ability  and  stability  of  LVP  during  charge/discharge. 

Fig.  8  shows  the  rate  performance  of  LVMP-A,  LVMP-B  and 
LVMP-C  at  the  current  densities  of  0.1,  1,  2,  5  and  10  C,  respec¬ 
tively.  LVMP-A  and  LVMP-C  exhibit  poor  rate  performances  along 
with  the  increase  of  current  rates.  For  example,  LVMP-A  delivers 
capacities  of  125,  107,  103,  74  and  37  mAh  g_1  and  LVMP-C  de¬ 
livers  124,  88,  40,  3,  3  mAh  g-1  at  the  current  rates  of  0.1, 1,  2,  5 
and  10  C,  respectively.  Only  LVMP-B  shows  excellent  rate 


Table  2 

The  calculated  diffusion  coefficients  of  Li+  at  various  SOC. 


SOC  (V) 

DLi+  (1CT11  cm2  s”1) 

3.64  V 

3.85  V 

4.30  V 

3.0  V 

LVMP-A 

7.8380 

1.7930 

0.0733 

0.0005 

LVMP-B 

20.077 

8.4236 

0.1167 

0.0025 

LVMP-C 

2.5810 

0.8495 

0.0423 

0.0004 

performance  of  138, 132, 131, 129  and  125  mAh  g-1  at  the  current 
rates  of  0.1,  1,  2,  5  and  10  C,  respectively.  After  35th  charge/ 
discharge  cycles  from  0.1  to  10  C-rate,  the  discharge  capacities  of 
LVMP-A,  LVMP-B  and  LVMP-C  at  the  36th  cycle  are  reproducible  to 
120, 135  and  120  mAh  g-1  at  the  current  rate  of  0.1  C  (as  shown  in 
Fig.  8a).  The  rate  capacity  retention  at  various  current  densities  is 
presented  in  Fig.  8b.  LVMP-B  shows  the  best  rate  capacity  reten¬ 
tion,  even  carries  out  at  high  current  density.  For  example,  the 
capacity  retention  of  LVMP-A,  LVMP-B  and  LVMP-C  are  65%,  93% 
and  2%  at  5  C-rate,  respectively. 

3.3.  Electrochemical  properties  ofLVMP  in  the  voltage  range  3.0— 
4.8  V 

One  of  the  main  problem  of  the  cathode  Li3V2(P04)3  is  the  poor 
capacity  and  cycle  performance  in  the  voltage  range  3. 0-4.8  V, 
because  the  NASICON  structure  becomes  unstable  accompanying 
the  extraction/reinsertion  of  the  third  lithium  ion  [30,31,36].  To 
investigate  the  full  extraction/reinsertion  of  lithium  ions,  the 
electrochemical  studies  ofLVMP  are  carried  out  in  the  voltage  range 
3.0— 4.8  V. 

Fig.  9  shows  the  CV  profiles  of  LVP  doped  by  three  kinds  of 
manganese  sources  in  the  voltage  range  3. 0-4.8  V.  The  three 
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samples  present  four  couples  of  redox  peaks,  corresponding  to  four 
compositional  regions  of  Li3_xV2(P04)3  (x  =  0-0.5,  x  =  0.5— 1.0, 
x  =  1.0— 2.0,  and  x  =  2.0-3.0),  respectively  [30,31].  In  the  anodic 
process,  the  anodic  peaks  of  LVMP-A  and  LVMP-C  become  overlap 
because  the  poor  reversibility  of  reinsertion  of  lithium  ions.  The  CVs 
of  LVMP-B  presents  the  strongest  peak  current  and  the  distin¬ 
guishable  redox  couples  due  to  the  improved  lithium  diffusion 
ability  by  the  substitution  of  manganese  from  the  dopant  of 
MnOOH. 

The  diffusion  coefficients  of  the  third  Li+  during  the  charge/ 
discharge  process  can  also  be  calculated  through  electrochemical 
impedance  spectroscopy  (EIS)  when  the  cells  operated  at  4.8  V. 
Fig.  10  presents  the  Nyquist  plots  of  different  SOC  of  the  LVMP  in  the 
range  of  3.0-4.8  V  and  the  plots  of  the  real  resistance  as  a  function 
of  the  inverse  square  root  of  angular  frequency.  The  calculated  Du+ 
based  on  Equation  (1)  lists  in  Table  3. 

As  listed  in  Table  3,  the  Du+  is  decreased  along  with  the 
extraction  of  lithium  ions.  For  example,  the  values  DLi+  of 
30.4  x  10“n,  3.4  x  10-11,  1.5  x  1(T12  and  2.4  x  1(T13  cm2  s_1  in 
LVMP-B  correspond  to  the  extraction  of  0.5Li,  0.5Li,  1  Li  and  the  last 
lithium  ion,  respectively.  At  the  full  charge  (SOC  =  100%),  the 
extraction  of  the  last  lithium  ion  is  hard  out  of  the  NASICON 
structure  of  LVP,  and  the  extraction  of  the  last  lithium  ion  presents 
the  smallest  value  of  DLi+  2.4  x  10  13  cm2  s_1.  Likewise,  at  the  full 
discharge  state  (SOC  =  0),  the  electrode  of  LVMP-B  presents  the 
lowest  value  of  DLi+,  indicating  the  hard  reinsertion  of  the  third 
lithium  ion,  from  Li2V2(P04)3  phase  to  Li3V2(P04)3  phase. 

Compared  with  the  values  of  Du+  in  LVMP-B,  those  of  LVMP-A 
and  LVMP-C  are  much  lower.  It  further  indicates  that  MnOOH  as 
dopant  provides  proper  manganese  substitution  and  enhance  the 
lithium  diffusion  ability  of  LVP. 


—i - - - 1 - - - 1 - - - 1 - > - r— 
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Potential  (V)  vs.Li/l_i+ 


Fig.  9.  Cyclic  voltammetry  profiles  of  LVMP  electrodes  at  a  scanning  rate  of  0.1  mV  s  1 
between  3.0  and  4.8  V. 

The  galvanostatic  cycling  profiles  of  LVMP  samples  are  evaluated 
between  3.0  and  4.8  V  at  0.1  C  (1  C  =  198  mAh  g-1)  and  are  dis¬ 
played  in  Fig.  11.  As  shown  in  Fig.  11a,  four  plateaus  of  the  three 
samples  clearly  present  during  charge  process,  corresponding  to 
the  lithium  extraction  of  0.5Li,  0.5Li,  1  Li,  ILi,  respectively.  In  terms 
of  the  initial  discharge  capacity,  the  different  manganese  sources 
play  distinguishing  effect  in  the  electrochemical  properties  in  LVMP 
samples.  The  half-cells  display  discharge  capacities  of  167, 196  and 
166  mAh  g-1  in  LVMP-A,  LVMP-B  and  LVMP-C,  respectively.  Fig.  lib 
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Fig.  8.  Rate  performance  of  LVMP-A,  LVMP-B  and  LVMP-C  in  the  voltage  range  3.0-4.3  V. 
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Fig.  10.  Nyquist  plots  at  different  SOC  and  the  plots  of  the  real  resistance  as  a  function  of  the  inverse  square  root  of  angular  frequency:  (a),  (a’)  LVMP-A;  (b),  (b’)  LVMP-B  and  (c),  (c’) 
LVMP-C,  in  the  voltage  range  3.0-4.8  V. 


shows  the  cycle  performance  of  three  LVMPs.  After  50  cycles,  LVMP- 
B  still  delivers  169  mAh  g_1  (84%  of  the  initial  discharge  capacity), 
much  higher  than  LVMP-A  of  137  mAh  g-1  and  LVMP-C  of 
127  mAh  g  \  respectively. 

The  rate  performance  of  the  three  samples  is  shown  in  Fig.  12. 
There  is  significant  capacity  loss  of  LVMP-A  and  LVMP-C  in  the 
voltage  range  3. 0-4.8  V,  but  LVMP-B  presents  relative  good  rate 
performance.  For  example,  LVMP-B  delivers  190, 152, 143, 132  and 
118  mAh  g”1  at  0.1, 1,  2,  5  and  10  C-rate,  respectively.  LVMP-A  and 
LVMP-C  show  the  poor  rate  performance,  such  as  65  and 
28  mAh  g-1  at  5  C-rate,  compared  with  132  mAh  g-1  of  LVMP-B. 
After  the  electrodes  cycled  at  high  rate  of  10  C-rate,  it  is  inter¬ 
esting  that  LVMP-A,  LVMP-B  and  LVMP-C  almost  return  to  the 
initial  capacities  at  0.1  C,  except  the  poor  high-rate  performance  of 
LVMP-A  and  LVMP-C.  It  further  confirmed  that  Mn3+  of  MnOOH  as 


Table  3 

The  calculated  diffusion  coefficients  of  Li+  at  various  SOC. 


Samples 

(10- 

11  cm2  s-1) 

3.64  V 

3.85  V 

4.30  V 

4.80  V 

3.0  V 

LVMP-A 

6.4350 

2.2959 

0.0164 

0.00079 

0.00007 

LVMP-B 

30.398 

3.3910 

0.1477 

0.0239 

0.0008 

LVMP-C 

1.1532 

0.4889 

0.0034 

0.00084 

0.00005 

dopant  improves  the  lithium  diffusion  ability  and  rate  perfor¬ 
mance  of  LVP. 

Fig.  12b  shows  the  rate  capacity  retentions  of  LVMP  samples. 
LVMP-B  shows  the  best  capacity  retention  than  LVMP-A  and  LVMP- 
C.  Except  the  poor  high-rate  performance,  LVMP-B  also  presents 
normal  high-rate  performance  in  the  voltage  range  3. 0-4.3  V 
compared  with  the  value  obtained  in  the  range  of  3. 0-4.8  V.  For 
example,  the  capacity  of  LVMP-B  at  5  C-rate  shows  71%  of  the  0.1  C- 
rate  capacities  in  range  3. 0-4.8  V,  lower  than  value  93%  of  the  0.1  C- 
rate  capacities  in  range  3.0-4.3  V  (as  shown  in  Fig.  8b).  It  might  due 
to  the  following  reasons:  the  electrolyte  oxidation  occurred  in  the 
large  electrochemical  window  (3.0-4.8  V);  the  as-synthesized 
samples  LVMP  might  be  a  little  dissolved  under  relative  higher 
voltage;  and  the  crystal  structure  of  V2(P04)3  and  LiV2(P04)3  is 
distorted  during  the  phase  transition  process  at  the  high  voltage 
(>4.6  V)  [4].  The  dopant  of  MnOOFI  provided  Mn3+  substitution  in 
LVP  plays  positive  effect  to  stables  the  structure  change  between 
V2(P04)3  and  LiV2(P04)3  than  others  dopants  of  Mn02  and  Mn304. 

Based  on  the  above  discussions,  the  selection  of  manganese 
sources  plays  an  important  role  in  improving  the  electrochemical 
performances  of  LVP.  The  value  of  Ar  (|r(Mnn+)  -  r(V3+)|)  is  a  key 
consideration  when  choosing  the  manganese  ion  donor.  The  Mn3+ 
of  MnOOFI  is  a  prefer  dopant  of  LVP  and  improve  the  electro¬ 
chemical  properties  of  LVP. 
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Fig.  11.  Initial  charge/discharge  profiles  and  cycle  performance  of  LVMP-A,  LVMP-B  and  LVMP-C  in  the  voltage  range  3.0-4.8  V. 


Fig.  12.  Rate  performance  of  LVMP-A,  LVMP-B  and  LVMP-C  in  the  voltage  range  3.0-4.8  V. 


4.  Conclusion 

The  NASICON  structured  LVP  doped  by  manganese  ions  are 
synthesized  via  sol-gel  route  by  using  four  types  of  manganese 
dopants:  M11O2,  MnOOH,  Mn304  and  (CH3C00)2Mn-4H20.  It  is 
easier  for  Mn4+  provided  by  Mn02  and  Mn3+  provided  by  MnOOH 
to  insert  into  the  lattice  of  Li3V2(P04)3  to  form  a  stable  solid- 
solution  than  Mn2+/Mn3+  provided  by  Mn304,  because  the  later 
presents  a  lot  of  impurity  phase  of  LiMnP04.  Mn2+  exists  in  all  three 
samples  as  expected  since  reduction  of  carbon,  but  the  main 
valence  state  of  Mn  ions  in  LVMP-A,  LVMP-B  and  LVMP-C  are  Mn4+, 
Mn3+  and  Mn2+,  respectively.  Compared  with  V3+  (0.64  A)  in  LVP, 
the  Ar  (|r(Mnn+)  (n  =  4,  3,  2)  -  r(V3+)|)  are  0.1,  0.02  and  0.12  A, 
respectively.  The  manganese  source  owning  the  smallest  value  of 
Ar  causes  the  smallest  volume  changes  of  V06  octahedra.  LVMP-B 
(MnOOH  as  dopant)  delivers  the  highest  capacity  of  137  mAh  g_1, 
than  LVMP-A  (Mn02  as  dopant)  125  mAh  g”1  of  and  LVMP-C 
(Mn304  as  dopant)  123  mAh  g-1.  LVMP-B  shows  the  best  cycle 
performance,  remaining  98%  of  the  initial  capacity  after  50  cycles 
(in  range  3.0-4.3  V).  Mn  source  of  MnOOH  properly  substituted  the 
structure  of  LVP  enhances  the  lithium  diffusion  ability,  high-rate 
performance  and  stability  of  LVP  during  charge/discharge. 
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